Coral larvae and juveniles often exhibit green fluorescence due to green fluorescence proteins (GFP).
costae, and coenosarc tissue (Gruber et al. 2008 ). Multiple functions have been proposed for fluorescent proteins in scleractinian corals, e.g. contribution to coloration (Dove et al. 2001; Matz et al. 2006) , photoprotection (Salih et al. 2000; Dove et al. 2001; Leutenegger et al. 2007a; D'Angelo et al. 2008; Roth et al. 2010) , photosynthesis enhancement (Salih et al. 2000; Dove et al. 2001; Eyal et al. 2015) , and protection from oxidative stress (Palmer et al. 2009 ). However, these proposed functions are still under debate. Kao et al. (2007) reported no correlation between fluorescent protein contents and natural colora tion in Montastraea cavernosa (Linnaeus, 1767) . Further more, a significant role of fluorescent proteins in photo protection could not be detected in some corals (Gilmore et al. 2003; Mazel et al. 2003; Leutenegger et al. 2007b; Nakaema and Hidaka 2015a) . Gilmore et al. (2003) showed that coral fluorescent proteins play only a minor role in chlorophyll excitation. In addition to the physiological functions described above, several studies have reported that coral fluorescent proteins are involved in signaling to other reef inhabitants, attracting algal symbionts (Hollingsworth et al. 2005) , producing camou flage for chlorophyll color thus avoiding herbivorous fishes (Leutenegger et al. 2007b; Haddock and Dunn 2015) , and attracting prey (Haddock and Dunn 2015) .
While fluorescent proteins are common in coral larvae, few studies on the ontogenetic changes in the pattern and expression of fluorescent proteins have been conducted (Hollingsworth et al. 2006; Kenkel et al. 2011; Nakaema and Hidaka 2015b) . Green and red fluorescent protein expression has been reported to increase several days after spawning in larvae of the mushroom coral Fungia scutaria Lamarck, 1801 (Hol lingsworth et al. 2006 . Another study reported develop mental changes in the distribution and intensity of GFP and cyan fluorescent protein (CFP) in Seriatopora hystrix Dana, 1846: GFP dominated in larvae while CFP domi nated in adult colonies ). Nakaema and Hidaka (2015b) observed that GFP fluorescence intensity was distributed throughout the polyp in Galaxea fas cicularis (Linnaeus, 1767) primary polyps 16 days after settlement, while it became localized around the oral opening in primary polyps 23 or 51 days after settlement. Shinzato et al. (2012) found that expression of 10 candi date genes (including five GFPgenes) of fluorescent pro teins in Acropora digitifera (Dana, 1846) differed between early developmental stages and adults.
Few studies have described fluorescent protein func tions in corals at early life stages such as larvae and primary polyps. Hollingsworth et al. (2005) proposed the "beacon" hypothesis of fluorescent proteins in coral larvae, which highlights the possible function of fluo rescent proteins as zooxanthellae attractants in pre symbiotic coral larvae. Larvae of S. hystrix possess two types of GFPs, and the emission peak of the first one coincides with the excitation peak of the other suggesting potential biochemical role of larval GFPs in energy transfer . Yuyama et al. (2012) showed that fluorescence intensity and GFP gene expres sion changed in response to high temperature treatment in Acropora tenuis (Dana, 1846) primary polyps, and that the gene expression level of GFP increased after high temperature treatment in polyps associated with clade D algae (now identified as Durusdinium sp.), while it de creased in polyps associated with clade A algae (now identified as Symbiodinium sp.). Yuyama and Higuchi (2014) found that the green fluorescence of A. tenuis juvenile polyps varied depending on associations with different Symbiodinium clades: a bright fluorescence was observed in juveniles associated with clade C algae, while such bright fluorescence was not observed in aposymbiotic juveniles or those associated with clade D algae.
The functions of fluorescent proteins in corals at early developmental stages remain to be studied. To explore the possible role of coral GFP at early developmental stages, detailed studies on ontogenetic changes in the fluorescence pattern and intensity would be useful. Therefore, we in vestigated changes in the fluorescence intensity and dis tribution pattern of green fluorescence in larvae, primary polyps (the first single polyp that was formed after set tlement), and juveniles (polyp that has developed second ary polyps) in three coral species: Acropora tenuis, Pocil lopora damicornis (Linnaeus, 1758), and Isopora palifera (Lamarck, 1816) . We also investigated the effect of symbionts inoculation on green fluorescence intensity and distribution pattern in A. tenuis primary polyps, as well as the effect of bleaching stress on the green fluorescence intensity of P. damicornis juveniles.
Materials and methods

Collection of coral colonies and branches
Colony branches (about a quarter the size of each colony) were collected at the northern patch reef of Sesoko 
Preparation of planulae and primary polyps
Acropora tenuis
Acropora tenuis colony branches were placed separate ly into plastic bowls every evening on expected spawning days around the full moon. Four out of ten A. tenuis colonies spawned gametes on July 2013. The released gametes were collected from the seawater surface using pipettes. The gametes collected from all colonies were mixed in plastic bowls (2 L) to induce fertilization at an ambient temperature of 28℃. After 2 h, the seawater was replaced with filtered seawater (0.2 μm) to remove re maining sperm. Beginning on the following day, embryos were kept in 2 L plastic bowls and the filtered seawater was changed daily. After approximately 4 days, planulae began to swim in the water column or crawl on the bottom of the bowls.
In a preliminary experiment in 2011, gametes were collected from five A. tenuis colonies on June 15. Larvae were obtained by mixing gametes from all colonies as describe above. The larvae were used for fluorescent photomicrographs shown in Fig. 1A and 1B, but all other experiments presented here were done using larvae collected in 2013.
To measure the GFP fluorescence intensity of A. tenuis soluble protein, we used extracts from embryos, planulae, and primary polyps. Approximately 100 µL of embryos or early planulae (6, 16, 27 h, and 3 days after fertilization) and 12 and 30dayold swimming planulae were collected using pipettes and transferred into 2 mL tubes. Fifteen primary polyps (＞3 months old) were also sampled from the settlement plates and put into a 2 mL tube. All larvae and primary polyps were from the same fertilization trial in 2013. Seawater was removed from the tubes and samples were stored at -80℃ until analysis.
To extract soluble proteins, frozen samples were thawed on ice and each sample was homogenized using a plastic homogenizer pestle. Phosphatebuffered saline (1 mL; SigmaAldrich, St. Louis, MO, USA) was added to each tube, and the tubes were kept on ice for ＞15 min for extraction. Then, samples were centrifuged at 12,000×g, 4℃, for 5 min. Relative GFP fluorescence intensity was 
Pocillopora damicornis
Planula larvae from five colonies of P. damicornis were collected using a planulae collector (Hidaka et al. 1997) from August 4 to 6, 2014. Colony fragments of P. dami cornis were put in separate bowls supplied with running seawater. Released planulae were collected by sieving After 3 weeks, primary polyps became juvenile colonies.
Isopora palifera
Planula larvae released by three out of five colony branches of I. palifera were collected using a planulae collector (Hidaka et al. 1997) Table 1 ). Approximately 50 primary polyps in one Petri dish (6 cm in diameter, 4 mL seawater volume) were used for inoculation of each symbiont strain. The algal symbiont concentration was 1×10 5 cells mL -1 . Homoge nized Artemia was added to induce symbiont uptake following Kinzie and Chee (1979) . After 
Results
Developmental changes in green fluorescence intensity and distribution pattern
In A. tenuis, no clear green fluorescence was observed in early embryos or early planulae. Bright green fluo rescence was observed in the gastrodermis of swimming planulae (12 days after fertilization), especially in the oral part ( Fig. 1A) . Red fluorescence was also observed in the epidermis of the aboral area (Fig. 1B) . After settlement and metamorphosis of planula larvae into primary polyps, green fluorescence became concentrated to an Oring like structure at the base of the tentacular ring (Fig. 1C and   1D ).
Green fluorescence was not detected in the extract of A. tenuis early embryos or the early planula stage (3 days after fertilization). When the larvae started to swim actively (12 and 30 days after fertilization), green fluo rescence (relative fluorescence unit/mg soluble protein) of A. tenuis larvae extract increased (Fig. 2) . Green fluores cence tended to decrease in primary polyps older than 3 months, although the difference was not tested statistically because the number of biological replicates was small (Fig. 2) .
In P. damicornis, green fluorescence was distributed in Fig. 1 Pattern of green fluorescence in the planula and primary polyps of Acropora tenuis. A, Oral part of a planula (12 days after fertilization). Green fluorescence was distributed in the gastrodermis and oral area (arrowhead). The epidermis (shown by small arrowheads) lacked green fluorescence. B, Aboral part of the same planula shown in A. The gastrodermis exhibited green fluorescence while the epidermis (arrowhead) of the aboral part exhibited red fluorescence (RFP). C, Primary polyp 11 days after settlement (52 days after fer tilization). Green fluorescence was concentrated in an Oring like structure surrounding the base of the ten tacular ring. D, Primary polyp 3 days after inoculation of cultured Symbiodinium cells (clade B, Breviolum sp.). Red fluorescent particles in the polyp indicate Symbiodinium cells. Fluorescence images A and B were obtained with the same acquisition settings using an Olympus BX53 ® fluorescence microscope and DP72 digital camera (UFBW filter, ex.460-495, DM 505, BA 510IF). Fluorescence images C and D were obtained using the same image acquisition settings, using Nikon AZ100 fluorescence microscope with a B2A filter (Ex 450-490/Em 520, DM 505, BA 520), exposure time/camera gain＝1 s/170. Scale bars＝100 μm (A and B) and 500 μm (C and D).
the epidermis of planulae, while symbiont cells (red chlo rophyll fluorescence) were distributed in the gastrodermis of planulae (Fig. 3A) and newly settled primary polyps ( Fig. 3B ). Green fluorescence intensity was high in the oral and aboral parts of the planula. After settlement, green fluorescence was distributed throughout the polyp but was concentrated especially around the oral opening.
In 6-8dayold primary polyps or juveniles 20-22 days after settlement, green fluorescence was distributed es pecially in the oral opening, tentacle tips, and Oring like structure at the base of the tentacular ring ( Fig. 3C and   3D ).
Mean green fluorescence intensity varied among sam ples derived from different colonies, in planulae (p＜ 0.05, ANOVA), 1-3dayold primary polyps (p＜0.01, ANOVA), and 20-22dayold primary polyps (p＜0.01, KruskalWallis test) (Fig. 3E) . The mean green fluores cence intensity decreased and was localized in certain areas as the primary polyps grew from 1-3 to 20-22 days (Tukey's multiple comparison test, n＝5, p＜0.05) (Fig.   3E ).
In swimming larvae of I. palifera, green fluorescence was distributed evenly in the epidermis, but no green fluorescence was observed in the aboral area ( Fig. 4A and   4B ). After settlement, green fluorescence was dis tributed throughout the primary polyp, but high green fluorescence intensity was observed in the tentacles and oral region ( Fig. 4C) . Green fluorescence was concen trated in the tentacle tips after the primary polyps developed into juveniles and acquired symbionts (Fig. 4D) . In some juveniles, green fluorescence was not de tected (photos not shown).
Effects of symbiont inoculation on green fluorescence pattern of A. tenuis primary polyps
Changes in green fluorescence intensity of A. tenuis primary polyps after inoculation trial with different strains of symbionts were examined using fluorescence micro Similarly, all inoculated primary polyps showed signifi cantly higher green fluorescence intensity than the control primary polyps (without inoculation) (p＜0.05, multiple comparison pvalue test), except those inoculated with strain Y103 (Cladocopium sp.).
Mean GFP fluorescence intensity and symbiont density in juveniles of Pocillopora damicornis under thermal stress
After 2 weeks of exposure to normal (27-28℃) or high temperature (32℃) in a 200 mL plastic bottle, the primary polyps became pale compared to those before the stress treatment ( Fig. 6A-C) . Green fluorescence intensity was considerably higher after 2week stress treatment, and green fluorescence distribution extended to the entire surface area of juveniles, including coenosarcs, where green fluorescence was absent or very low before stress treatment ( Fig. 6D-F) . Mean green fluorescence intensity was significantly higher in juveniles kept in a small bottle at both temperatures than those kept in a large (10 L) control tank before stress treatment (Fig. 6G) 
Discussion
Changes in the intensity and distribution pattern of green fluorescence during early development
Fluorescence measurements of soluble proteins ex tracted from A. tenuis at early developmental stages (four cell stage to 3dayold planula) showed no green fluo rescence, and this was first detected in swimming larvae (12dayold planulae) (Fig. 2) . Similarly, Hollings worth et al. (2006) reported that green and red fluorescence proteins expression increased several days after fertili Fig. 3 Developmental changes in the pattern and intensity of green fluorescence in Pocillopora damicornis. A, Planula (1-3 day old). Green fluorescence was distributed in the epidermis, while algal symbiont cells (red chlorophyll fluorescence) were distributed in the gastrodermis of the planula. Green fluorescence intensity was high in the oral and aboral parts of the planula. B, Newly settled primary polyps (1-3 days after settlement). Green fluorescence was distributed throughout the polyp but was concentrated around the oral opening. C, Primary polyp (6-8 days after settlement). Green fluorescence was distributed around the oral opening, in the tentacle tips, and the Oring like structure at the base of the tentacular ring. D, Juvenile (20-22 days after settlement). Green fluorescence was localized around the oral opening, in the tentacle tips, and the Oring like structure in each polyp. E, Mean Green fluorescence intensity of a planula or a primary polyp. Each bar in dicates Mean±SD for planulae or primary polyps from the same source colony. Numbers in parentheses indicate the number of planulae or primary polyps measured. B2A filter (Ex 450-490/Em 520, DM 505, BA 520), exposure time/camera gain＝1/3s/140. Scale bars＝500 μm. zation in nonsymbiotic larvae of Fungia scutaria. It is likely that GFP expression starts at planula stage in these corals.
The distribution patterns of green fluorescence in larvae were different among the three species studied. Larvae of 
Possible function of GFP: symbiont attraction
Green fluorescence was observed in the gastrodermis and around the oral opening of A. tenuis larvae (Fig. 1A) .
After settlement and metamorphosis of planula larvae into primary polyps, green fluorescence was concentrated to an Oring like structure at the base of the tentacular ring ( Fig. 1D ).
GFP fluorescence intensity in A. tenuis primary polyps increased after inoculation of symbionts regardless of whether symbiont uptake occurred or not ( Fig. 1C and 1D, and Fig. 5 ). This study indicates that the presence of symbiotic algae in the surrounding seawater influenced the green fluorescence intensity in A. tenuis primary polyps. Hollingsworth et al. (2005) suggested that GFP might attract algal symbionts since Symbiodinium exhibits positive phototaxis to green light. In the present study, the fluorescence intensity was measured 2-4 days after in oculation. Therefore, it is not clear whether the increased green fluorescence was a response to some stress condition caused by the inoculation process or related to the possible function of GFP in attracting symbionts. Yuyama and Higuchi (2014) observed bright green fluorescence in A.
tenuis juveniles associated with clade C1 algae but little fluorescence in those associated with clade D algae and suggested that corals experience oxidative stress when they initially acquire clade C1 algae. It remains to be studied whether GFP in A. tenuis primary polyps is involved in acquisition of symbionts from the environment.
Green fluorescence was high in I. palifera larvae and newly settled primary polyps, but it decreased or dis appeared in juveniles that had acquired symbiotic algae.
Future studies should focus on whether GFP fluorescence of juveniles increases when symbiotic algae are present around them and decreases once stable symbiosis is established in these corals.
Possible function of GFP: photoprotection, camouflage, and prey capture
In P. damicornis larvae, green fluorescence was dis tributed in the epidermis, covering algal symbiont in the gastrodermal cells (Fig. 3A) . GFP was suggested to have photoprotective function for symbionts (Salih et al. 2000; Roth et al. 2010) . GFP might also function as camouflage to protect coral from herbivorous fishes (Leutenegger et al. 2007b; Haddock and Dunn 2015) . The presence of green fluorescence in the epidermis of P. damicornis larvae suggests that GFP has a photoprotective function and/or functions as screen for chlorophyll fluorescence facilitating avoidance of herbivorous predators. These possibilities should be tested in a future study. Experiments with coral larvae whose GFP gene expression is modified might be fruitful.
Green fluorescence intensity in P. damicornis larvae decreased following their metamorphosis and settlement on the substrate (Fig. 3E) . In 1-3dayold primary polyps, green fluorescence was distributed throughout the polyp and concentrated especially around the oral opening (Fig.   3B ). In 6-8dayold primary polyps, green fluorescence was distributed almost exclusively in the oral opening, tentacle tips, and Oring like structure at the base of the tentacular ring (Fig. 3C) . Similarly, when I. palifera primary polyps developed into juveniles and acquired symbionts, green fluorescence became concentrated in the tentacle tips (Fig. 4D ). However, green fluorescence was not detected in some juveniles. GFP functions as a prey attractant in various reef animals (Haddock and Dunn 2015) . Gruber et al. (2008) also suggested that targeted expression of fluorescent proteins may function as a signaling mechanism to organisms such as copepods, with sensitivities in the range of green and red fluorescence.
Since the tentacle tips (acrospheres) deploy many nema tocysts and P. damicornis is known to capture zooplankton as prey (Clayton and Lasker 1982) , it is likely that GFP fluorescence in the tentacle tips of P. damicornis juveniles might function to attract prey (Haddock and Dunn, 2015) .
The idea that the GFP fluorescence at tentacle tips of P. damicornis and I. palifera juveniles might facilitate cap ture of prey should be tested in a future study.
Effects of environmental stress on green fluorescence
After 2week treatment in a small (200 mL) bottle, P.
damicornis juveniles became pale at both normal (27-28℃) and high (32℃) temperatures, probably because the small volume of seawater induced bleaching stress. At the same time, mean green fluorescence intensity increased and the green fluorescence, which had been localized to tentacle tips, around the mouth, and Oring like structure, extended to the entire surface area of the juvenile (Fig.   6D-F ). The present observation shows that, under bleach ing stress, GFP fluorescence not only increased but also appeared in the coenosarc, where green fluorescence was weak or not observed before. showed that heattreated Acropora yongei expressed strong fluorescence despite a reduced GFP concentration, and they suggested that a reduction in algal symbiont density led to decreased absorbance of green light emitted by GFP. However, the present study suggests that GFP expression in P. damicornis juveniles increased in re sponse to bleaching stress. Recently, Aihara et al. (2019) demonstrated that algal symbionts were attracted to green fluorescence emitted by both endogenous GFP of live coral fragments and an artificial green fluorescence dye.
They suggested that green fluorescence may help corals acquire symbiotic algae from the environment at early life stage as well as during recovery from bleaching. Since GFP is considered to have photoprotective and antioxidant functions, increased expression of GFP might also facilitate protection of remaining or newly acquired algal symbionts by the coral host. Bright field and fluorescence images of 3weeksold juveniles before stress treatment (A and D), after 2week treatment in a small bottle at 28℃ (B and E) or at 32℃ (C and F). G, The mean green fluorescence intensity of juveniles before and after 2week stress treatment. Mean±SD (n＝119 for initial, n＝39 and 36 for 28℃ and 32℃ treatment, respectively). *, significant increases in the fluorescence intensity when compared with those before treatment (Multiple comparison pvalue test, p＜0.01). Scale bar＝1 mm
Conclusions
The distribution pattern of green fluorescence in Acropora, Isopora, and Pocillopora larvae differed among genera. As the larvae metamorphosed to primary polyps, green fluorescence became more or less con 
